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1. FUNDAMENTAL AND DERIVED UNITS 



w, 

9, 

m, 
I, 



S, 

Stc, 

G, 

b, 

c, 

b 2 

S' 

V, 

2. 

L, 

D, 

D., 

Vu 

C, 



Length. 
Time... 
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Speed. 



Symbol 



I 
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F 



P 
V 



Metric 



Unit 



meter 
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weight of 1 kilogram. 



horsepower (metric i. 
f kilometers per hour. 
\meters per second. . 



Abbrevia- 
tion 



m 
s 

kg 



I 



k.p.h. 
m.p.s. 



English 



Unit 



foot (or mile) 

second (or hour)... 
weight of 1 pound. 



horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp. 

m.p.h. 
f.p.s. 



Weight = mg 
Standard acceleration of gravity = 9. 80665 
m/s 2 or 32.1740 ft./sec. 2 

Mass = W 



2. GENERAL SYMBOLS 

v } Kinematic viscosity 



9 

Moment of inertia = mk 2 . (Indicate axis 
radius of gyration k by proper subscript.) 
Coefficient of viscosity 



of 



p, Density (mass per unit volume) 

Standard density of dry air, 0.12497 kg-m" 4 -s 2 

15° C. and 760 mm; or 0.002378 lb.-ft.~ 4 sec. 2 
Specific weight of "standard" air, 1.2255 kg/m 3 

0.07651 lb./cu.ft. 



at 



or 



3. AERODYNAMIC SYMBOLS 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 



Q, 

VI 
p—> 



1 



Dynamic pressure— ^pV 2 
Lift, absolute coefficient C L 



'qS 



Drag, absolute coefficient G D ^Uy 



D 0 



Profile drag, absolute coefficient C D ,= —^ 
Induced drag, absolute coefficient 
Parasite drag, absolute coefficient C D ~ 



Dp 
qS 



C P9 

a, 
€ > 

pht 
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Cross-wind force, absolute coefficient Cc— S- f 



Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where I is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 
Flight-path angle 



Resultant force 
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HYDROGEN AS AN AUXILIARY FUEL IN COMPRESSION-IGNITION ENGINES 

By Harold C. Gbrrish and Hampton H. Foster 



SUMMARY 

An investigation was made to determine whether a suf- 
ficient amount of hydrogen could be efficiently burned in 
a compression-ignition engine to compensate for the in- 
crease of lift of an airship due to the consumption of the 
fuel oil. The performance of a single-cylinder four- 
stroke-cycle compression-ignition engine operating on 
fuel oil alone was compared with its performance whzn 
various quantities of hydrogen were inducted with the inlet 
air. Kngine-performance data, Indicator cards, and e.r- 
haust-gas samples were obtained for each change in en- 
gine-operating condition. 

Hydrogen could be burned satisfactorily at all loads up 
to and including cruising at compression ratios of 13.4 
and 15.6 in sufficient quantities to compensate for the in- 
crease in lift due to the consumption of the fuel oil. In 
the cruising range the mixtures of fuel oil and hydrogen 
burned as efficiently as the fuel oil alone. At small 
power outputs, the mixture of fuel oil and hydrogen 
burned less efficiently than the fuel oil alone; whereas, for 
power outputs greater than that required for cruising, the 
mixtures of fuel oil and hydrogen burned more efficiently 
than the fuel oil alone. 

For all loads except idling there was present in the 
exhaust water vapor weighing more than the fuel oil 
burned, approximately 25 percent more for all loads 
above cruising. When burning the maximum usable 
amount of hydrogen along with the fuel oil, the weight of 
water vapor was 80 percent more at full load and 200 
percent more at small loads. 

The engine always stopped firing when the fuel oil was 
cut off. Throughout the limits of the test conditions, it 
was never possible to auto-ignite the various mixtures of 
hydrogen and air but the injection of even a minute quan- 
tity of fuel oil would cause the mixtures to burn. The 
engine showed no ill effects from the use of hydrogen and 
no change in engine operation was apparent. 

INTRODUCTION 

The most economical attitude for airship flight is at 
zero angle of pitch. If the static equilibrium of an 
airship is not maintained during flight the airship must 
be operated at either a positive or a negative angle of 
pitch to maintain constant altitude. Any flight atti- 



tude other than zero angle of pitch results in an in- 
crease in drag; hence more power and greater fuel 
consumption are required for an equivalent speed. In 
addition, the hazards of handling an airship are greater 
when it is not in static equilibrium. 

The static equilibrium of an airship can be main- 
tained during flight by valving the lifting gas, by 
recovering water from the exhaust gas, or by using a 
fuel having a density nearly equal to that of air. 
The valving of helium is not an attractive method 
because of the relatively high cost of this gas; the 
valving of hydrogen is, however, relatively inexpensive. 
The use of a water-recovery apparatus results in 
increased weight, added drag, and greater fuel consump- 
tion. With present spark-ignition engines the use of a 
fuel having a density nearly equal to that of air is 
the most promising method of maintaining the equilib- 
rium of airships in flight (reference 1). 

The burning of the excess hydrogen in compression- 
ignition airship engines instead of valving it would be 
particularly advantageous because the hydrogen 
required to lift a given weight of fuel oil contains a 
quantity of heat energy equal to 21.5 percent of the 
heat energy of the liquid fuel. If the hydrogen can be 
burned with the same efficiency as the liquid fuel, the 
required weight of fuel would be reduced 17.6 percent 
and a proportional increase in pay load would be 
possible. 

The induction of the hydrogen with the inlet air 
would not be feasible with a two-stroke-cycle compres- 
sion-ignition engine on account of the loss of hydrogen 
and the probability of pre-ignition of the hydrogen-air 
mixture by the hot exhaust gases during the scavenging 
process. Possibly an injection system could be used to 
supply the necessary hydrogen during the compression 
stroke. In this case the hydrogen should be injected 
immediately after the exhaust valve closes so that the 
hydrogen will have as long a time as possible to mix 
with the air. Injection of the hydrogen near the end 
of the compression stroke would require a multistage 
compressor whose great weight would be undesirable 
lor airships. 

If the hydrogen could be burned in four-stroke-cycle 
compression-ignition engines the airship would have the 
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advantage of better fuel economy maintained over a 
wide range of engine speeds and loads. Mucklow 
(reference 2) has successfully burned hydrogen with 
fuel oil in a single-cylinder compression-ignition engine 
having a compression ratio of 10.3 and operating at 
210 revolutions per minute. The maximum quantity 
of hydrogen used was 3 percent of the inducted air 
and was sufficient to compensate for the fuel used at 
low-power outputs. Helmore and Stokes (reference 3) 
attempted to burn pure hydrogen in a single-cylinder 
compression-ignition engine having a compression 
ratio of 11.6 and operating at 1,000 revolutions per 
minute. On account of violent detonation at nine- 
tenths and at full power the tests had to be abandoned. 



of hydrogen and fuel oil, and the suitability of exhaust 
gases for water recovery. 

APPARATUS 

Figure 1 is a photograph of the test unit with the 
auxiliary equipment required for supplying a controlled 
flow of hydrogen. The engine is a single-cylinder 
four-stroke-cycle compression-ignition test engine (5- 
inch bore and 7-inch stroke) having a vertical disk form 
of combustion chamber. (See fig. 2.) The com- 
pression tatio was changed during the preliminary tests 
by raising or lowering the cylinder head; during the 
main tests, it was changed by inserting different spacers 
between the cylinder and the cylinder head so that 




Figure i.— The single-cylinder test engine and auxilia 



equipment. 



When using a mixture of 90 percent hydrogen and 10 
percent "oil gas" in conjunction with fuel oil in the 
same engine, they were, however, able without pre- 
ignition to exceed the aerostatic equivalent of the fuel 
oil burned. The aerostatic equivalent of the fuel oil 
burned is the quantity of lifting gas that must be eit her 
valved or burned to compensate for the decrease in 
gross weight of the airship resulting from the burning 
of the liquid fuel. 

On account of the lack of knowledge concerning the 
use of hydrogen in compression-ignition engines in 
sufficient quantities to maintain the static equilibrium 
of an airship at all engine outputs, the National 
Advisory Committee for Aeronautics investigated this 
problem. The Committee was particularly interested 
in the quantity of hydrogen that could be burned in a 
compression-ignition engine when inducted with the 
inlet air. the combustion characteristics of mixtures 



the general shape of the combustion chambers for 
the 13.4 and 15.6 compression ratios would be similar. 
The spring-loaded fuel-injection valve had a six- 
orifice nozzle and was hydraulically operated by a 
cam-actuated plunger pump. The commercial grade 
of fuel oil used had a specific gravity of 0.847 and a 
viscosity of 41 seconds Saybolt Universal at 80° P. 

The part of the test apparatus that differed from 
a conventional arrangement was the induction system 
through which the air and hydrogen were supplied to 
the engine. The air was measured by a 100-cubic-foot 
gasometer and then passed through two surge chambers 
and appropriate piping to the hydrogen-air mixing 
valve. The hydrogen was obtained from five high- 
pressure bottles connected to a manifold. From this 
high-pressure manifold the hydrogen passed through a 
reducing valve to a commercial gas meter (rated capac- 
ity 375 cubic feet per hour) and then through a pack- 
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type flame arrester to the mixing valve. The pressure 
at the gasmeter inlet was maintained at atmospheric 
by manual control of the reducing valve. The photo- 
graph of the apparatus (fig. 1) shows the water ma- 
nometer and thermometer for measuring the pressure 
and temperature of the hydrogen and also the connec- 
tion provided for extracting hydrogen samples during 
the tests. 

In the preliminary set-up the hydrogen was piped 
directly to the mixing valve but the pressure pulsa- 



ing the system before stopping the engine is shown 
at the extreme end of the high-pressure manifold. 

The hydrogen-air mixing valve shown in figure 3 
was obtained from the Bureau of Standards and was 
used without alteration except for the addition of 
the flame arrester at the entrance of the hydrogen 
tube. The hydrogen entered through the flame 
arrester and filled the annular space about the main 
venturi passage. Connection between the annular 
space and the main passage was accomplished by 




m 

Compression ratio. 15.6 



Figure 2.— Combustion chambers used with compression-ignition engine. 



tions in the induction system of the single-cylinder 
test engine made the action of the gas meter erratic. 
The pulsations were satisfactorily damped by placing 
a 12-inch diameter surge chamber with a thin rubber 
diaphragm between the gas meter and the mixing 
valve. (See fig. 1.) The high-pressure hydrogen bot- 
tles are shown near the engine but, during the tests, 
the pipe connecting the surge tank and the gas meter 
was extended so that the bottles and the meter were 
outside the building. The C0 2 bottle used for flush- 



turning the adjusting sleeve so that the two parts of 
the venturi separated. This separation allowed the 
hydrogen to flow in and mix with the inlet air in 
quantities determined by the amount of rotation of 
the adjusting sleeve. The mixing valve was placed 
as close to the engine as possible to keep the volume 
of hydrogen-air mixture to a minimum. The mixing 
valve and the necessary piping reduced the volumetric 
efficiency and therefore the normal output of the 
engine; but, as the investigation was concerned only 
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with comparative data, this point is relatively unim- 
portant. 

The cylinder pressure was measured both with the 
balanced-diaphragm type of maximum cylinder pres- 
sure indicator (reference 4) and with the Farnboro 
indicator. The Farnboro indicator was also used in 
obtaining the indicator cards. A modified Bureau of 
Mines type of gas-analysis apparatus (reference 5) 
was used in analyzing the exhaust-gas samples. The 
exhaust-gas temperature was measured by means of a 
calibrated thermocouple. 

All instruments used in connection with these 
tests were calibrated and corrections to observed 
data have been made where necessary. Special care 
was taken to insure the accuracy of the hydrogen 
quantities, the hydrogen meter being calibrated be- 
fore, during, and after the tests and found to read 
within ± 1 percent of the correct value at all times. 
Analysis of the hydrogen samples taken at different 
times during the tests showed an average purity of 
98.4 percent and all hydrogen quantities have been 
corrected on this basis. 

METHOD 

Preliminary engine runs were made at compression 
ratios of 13.4 and 15.6 and indicator cards were taken 
with a modified Farnboro indicator at varying injection 
advance angles to determine the timing at which the 
pressure rise, indicating combustion, in the cylinder 
would start at top center. At the test speed of 1,500 
revolutions per minute the required injection advance 
angles w r ere found to be 12° before top center for the 
13.4 compression ratio and 10° for the 15.6 compression 
ratio. These injection advance angles were used 
throughout the tests. 

The majority of the test runs were made with the 
amount of hydrogen as the variable. The engine was 
brought to stable operating conditions on fuel oil alone 
with the injection-pump controls set Eoi the fuel quan- 
tity desired. After the engine-performance data, 
exhaust-gas sample, and indicator card had been 
obtained for the fuel oil alone, the hydrogen flow was 
started and the amount used was controlled by adjust- 
ing the mixing valve. Similar data were taken for each 
change in hydrogen quantity until the maximum usable 
amount of hydrogen was reached. 

The maximum usable amount of hydrogen varied 
with the operating conditions (as will be discussed 
later) and no test runs were attempted with more 
than that amount. Although no endurance runs were 
made, a series of tests often lasted more than 3 hours 
without any apparent difference in engine operation 
or performance. 

Test runs were made for seven different fuel-oil 
quantities at each compression ratio except that no 
hydrogen was added at the largest fuel quantity for 
the 15.6 compression ratio. The fuel-oil quantities 



ranged from approximately 1 to 3.5X10 -4 pounds per 
cycle (excess-air coefficients 3.2 to 0.9, respectively) 
and the hydrogen quantities varied from 0 to 10 per- 
cent of the inlet air by volume. Unless otherwise 
stated, "percent hydrogen" is the percentage by 
volume of inlet air. 

Tests were made to del ermine the heat losses to the 
cooling watei at 8 compression ratio of 15. G with fuel 
oil alone and also with fuel oil and the corresponding 
amount of hydrogen to maintain equilibrium, or con- 
stant -lift , conditions. These heat-< lissipal ion tests 
did not show enough difference to justify similar tests 
a 1 I he 1 3.4 compression ra t io. 

An additional series of tests was made at both com- 
pression ratios using various quantities of hydrogen 
and only a very small quantity of fuel oil for ignition of 
the hydrogen. These runs were made to study the 
combustion of the hydrogen when comparatively unaf- 
fected by the presence of the fuel oil and also to furnish 
data on the extreme conditions under which the lift of 
an airship could be reduced. The fuel-oil quantity used 
for these runs being too small to permit an accurate 
determination on the fuel scales, the reduction in torque 
obtained when injecting the fuel was first determined 
and then, from a curve of indicated mean effective 
pressure against fuel quantity, the amount of fuel was 
estimated. The value of 7.0 XlO" 6 pounds per cycle 
obtained by this method is more than sufficient to 
insure consistent pump operation and produce regular 
Hashes in the combustion chamber as observed t hrough 
a small quartz window. 

RESULTS AND DISCUSSION 

ENGINE PERFORMANCE 

The effect of adding various quantities of hydrogen 
to the inlet air on the performance of a single-cylinder 
compression-ignition engine operating on different 
quantities of fuel oil and at an engine speed of 1,500 
revolutions per minute is shown in figure 4 for two com- 
pression ratios. The first point on the left of each full 
line is for fuel oil alone; the other test points on each 
full line denote an equal fuel-oil quantity with the ad- 
dition of various quantities of hydrogen, the amount of 
hydrogen being converted to equivalent fuel oil by 
dividing the hydrogen heat input (pounds of hydrogen 
times 52,800 British thermal units per pound ) by the 
lower heating value of the fuel oil (18,300 British ther- 
mal units per pound). The dotted line was drawn 
through the test points for fuel oil alone. The end of 
each full line is the limit of satisfactory operation of the 
engine under these conditions. 

"Full load" is defined as that quantity of fuel theo- 
retically required to combine with all the oxygen pres- 
ent. With mixtures of hydrogen and fuel oil there 
would be different equivalent fuel-oil quantities satis- 
fying this definition, not only on account of the differ- 
ence in the quantity of air required by these fuels for 



HYDROGEN AS AN AUXILIARY FUEL IN COMPRESSION-IGNITION ENGINES 



5 



complete combustion but also on account of the dis- 
placement of the inducted air by the hydrogen. Full 
load (no excess air) for the 13.4 compression ratio 
varies from 3.12 to 3.25X10" 4 pounds of equivalent 
fuel oil per cycle, the former value being for 2.48 X 10" 4 
pounds of fuel oil plus 7 percent hydrogen, and the 
latter value being for fuel oil alone. For the 15.6 
compression ratio the values are slightly less on ac- 
count of the decreased volumetric efficiency. Cruising 
load is considered as approximately two-thirds full load. 

With small quantities of fuel oil, the addition of 
hydrogen decreases the thermal efficiency to less than 
that obtained with an equivalent amount of fuel oil. 
As the quantity of fuel oil is increased, however, the 
difference in efficiency diminishes until finally a fuel-oil 
quantity is reached beyond which any addition of hy- 
drogen results in a greater thermal efficiency than is 
possible with an equivalent amount of fuel oil. 

The tests indicate that all combinations of hydrogen 
and fuel oil burn with the same, or a greater, efficiency 
than an equivalent amount of fuel oil except for the 
combinations of small amounts of fuel oil with small 
amounts of hydrogen. For such combinations the com- 
bustion of the fuel oil is limited to a small portion of 
the combustion chamber and it is probable that the 
concentrations of the hydrogen at the low tempera tures 
prevailing in the cylinder is insufficient to propagate 
the flame. 

These results show that when the conditions within 
the combustion chamber are conducive to propagation 
of the flame through the hydrogen-air mixture the 
composite fuel burns more efficiently than an equiva- 
lent amount of fuel oil. This increase in efficiency is 
probably due to the high rate of reaction of the hydro- 
gen tending to create higher temperatures during the 
early part of the combustion period, which accelerates 
the reaction of the fuel oil. 

The addition of hydrogen to the engine did not 
appreciably alter the temperature of the exhaust gases 
at either compression ratio. The heat loss to the 
cooling water of the cylinder and the head, as shown 
in figure 4, did not change when burning hydrogen in 
conjunction with fuel oil. The resultant increase in 
power, economy, and maximum cylinder pressure 
above cruising load without change in heat loss and 
exhaust temperature indicates that the hydrogen 
probably burned during 'tin 1 first part of the com- 
bustion period. 

Figure 5 shows the effect of hydrogen on the opera- 
tion of the engine at various fuel-oil quantities from 
a minute quantity to approximately 10 percent more 
fuel oil than is theoretically necessary for complete 
utilization of all the air inducted. The full lines indi- 
cate approximately the maximum usable percentages 
of hydrogen for the different fuel-oil quantities. 

The maximum usable hydrogen percentage is not 
definite according to the data recorded for the test 



points near the full lines, the engine being occasionally 
unstable and then, under apparently identical con- 
ditions, operating satisfactorily. At times the ap- 
parent limiting hydrogen percentage as indicated by 
the full lines could be exceeded. As slight changes in 
the adjustment of the hydrogen-regulating valve often 
caused pronounced changes in engine operation near 
the critical point, it is believed that this erratic con- 
dition was due to the lack of a sufficiently precise 
control of the hydrogen. In the course of the tests 
the reducing valve was overhauled twice and both 
times the seat was found to be in poor condition. 
The operation of the engine at the instant the hydro- 
gen flow was increased to a point where the operation 
became unstable is particularly interesting. The 



Hydrogen inlet 




_Flame 
or r ester 



Engine manifold 
connection 



1 1 -/X-.w \\v. 



Lock nut 

Adjusting 
piece 





To engine 



Air inlet 



FmiRE 3. Mixing-valve assembly. 



characteristic sound of the engine changed to that of 
motoring — exceptionally smooth, no knock nor rough- 
ness — and simultaneously there was a large drop in 
speed and power and the needle of the gage indicating 
the maximum cylinder pressure showed large varia- 
tions in pressure. If the fuel oil was not shut off or 
the flow of hydrogen decreased immediately, pre- 
ignition took place. Ivxamination of an indicator 
card showed that combustion occurred on the com- 
pression stroke. The stage of combustion following 
that of pre-ignition has been indicated as "explosion" 
and means that the mixture of hydrogen and air 
pre-ignited before the inlet valve closed and was 
propagated into the induction system. This explo- 
sion caused no ill effects to the engine or auxiliary 
equipment on account of the small volume of in- 
flammable gases between the engine cylinder and the 
mixing valve. 
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Figure 4.— Effect of hydrogen on engine performance. 
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All hydrogen-air mixtures below the maximum 
usable amount as shown by the full lines on the figure 
would not ignite without the injection of the fuel oil; 
when the fuel oil was shut off, the engine stopped 
firing. Any quantity of fuel oil, even exceedingly 
small ones, would cause the hydrogen to burn. 

The curves show that the maximum quantity of 
hydrogen that can be inducted with the inlet air and 
satisfactorily burned in a compression-ignition engine 
decreases as the fuel-oil quantity and compression 
ratio increase, the amount varying from 14 to 7 per- 
cent by volume of the inducted air at a compression 
ratio of 13.4 and 12 to 5 percent at a compression 
ratio of 15.6. 

The percentages of hydrogen that could be satis- 
factorily burned at the high engine loads are in agree- 
ment with those given by Mucklow (reference 2). 
With the compression ratios used in the present 
investigation the satisfactory operation of the 
engine With 14 percent of hydrogen at small 
engine loads was unexpected because Dixon 
(reference 2, p. 19) with an adiabatic-conipres- 
sion machine operating at a compression ratio of 
10.6 exploded a 9. 4-percent-by- volume mixture 
of hydrogen and air. In this machine "the gases 
were rapidly compressed in a well-lubricated, 
temperature-controlled cylinder and the piston 
then retained in the in-stroke position" (refer- 
ence 6). The explosion of a 9.4-percent mixture 
of hydrogen in air by Dixon was most likely 
due to maintaining this mixture after compres- 
sion at constant volume and thus exposing it to 
a high temperature for a long period of time. 
The ignition lag was very long, in fact even 
greater than the time required during the pres- 
ent tests to complete the entire power stroke. 
In order to obtain auto-ignition of hydrogen-air 
mixtures in the compression-ignition engine it 
was necessary not only to exceed the compres- 
sion ratio indicated by Dixon but also to exceed 
the hydrogen-air ratio. 

The dashed lines of figure 5 represent the 
aerostatic equivalent of the fuel oil consumed 
and their course shows that it was possible to burn 
hydrogen along with the fuel oil in quantities 
sufficient to maintain aerostatic equilibrium at all 
loads up to and including cruising load for both 
compression ratios, and that over a considerable 
power range it was possible to burn hydrogen in 
amounts either more or less than those required to 
maintain equilibrium. The allowable range of utili- 
zation of hydrogen when cruising would make it 
possible to increase or decrease the lift of the 
airship. 

The effect of the addition of various amounts of 
hydrogen on the brake thermal efficiency and maxi- 
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mum cylinder pressure at several constant power 
outputs is shown in figure 6 for compression ratios of 
13.4 and 15.6. For b. m. e. p.'s of 60 and 70 pounds 
per square inch at a compression ratio of 13.4, the 
efficiency is decreased by the addition of hydrogen 
and approaches a minimum at a hydrogen percentage 
of approximately 6 percent, which is in agreement with 
the trend found by Mucklow (reference 2). For a 
b. m. e. p. of 80 pounds per square inch the minimum 
value is reached at a hydrogen percentage of approxi- 
mately 2; whereas the maximum efficiency is obtained 
at about 6 percent. For a b. m. e. p. of 90 pounds 
per square inch the efficiency increased with the 
amount of hydrogen added. Similar results are show r n 
for compression ratio of 15.6 except that the hydrogen 
becomes effective at smaller percentages. The maxi- 
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ure 5.— Effect of hydrogen on engine operation. Engine operation was satisfactory 
unless otherwise specified. 



mum cylinder pressure shows little change with brake 
mean effective pressure when operating with fuel oil 
but, as the hydrogen is added, the cylinder pressure 
increases and finally reaches a pressure approximately 
75 pounds greater than that obtained with fuel oil 
alone for the same maximum output. 

Figure 7 shows the effect of hydrogen on engine 
performance when the composite fuel is used, but only 
the weight of the fuel oil is taken into account in 
computing the specific fuel consumption. The dashed 
lines show the performance of the engine under condi- 
tions of constant lift obtained by the proper rates of 
consumption of the hydrogen and the fuel oil. 
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Figure 8 shows the comparative fuel consumptions 
at different power outputs under three assumed con- 
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Figure 6.— The effect of hydrogen on engine operation for constant power. 

ditions for compression ratios of 13.4 and 15.G. The 
dashed line shows the fuel consumption when fuel 
oil alone is used to produce power. For comparison 
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2 468 /0 02 4 6 
Hydrogen , percentage by volume of inlet air 

FltiURE 7.— Effect of hydrogen on engine performance. (Fuel-oil consumption 
£ 'based on actual fuel oil used.) 



on a basis of equivalent heat input of fuel oil, the solid 
line shows the necessary consumption of the two fuels 
combined in the proper proportion to maintain a con- 



dition of constant lift. The dot-dash line shows the 
consumption of the fuel oil for the constant-lift con- 
dition neglecting the weight of the hydrogen. 

COMBUSTION CHARACTERISTICS OF MIXTURES OF HYDROGEN 
AND FUEL OIL 

Exhaust-gas analysis. — The exhaust gases were 
analyzed to determine the causes of the effects noted, 
The percentages by volume of C0 2 , CO, 0 2 , N 2 , H 2 0. 
H 2 , and CH 4 on the wet basis are plotted against 
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Figure 8.— Comparison of engine performance with different fuels. 



140 



equivalent fuel-oil quantity in figure 9 for compression 
ratios of 13.4 and 15.6. The first point at the left on 
each full line is for fuel oil alone and those to the right 
are for an equal fuel-oil quantity plus various amounts 
of hydrogen. The dashed line is drawn so as to con- 
nect all points for fuel oil alone. The results are 
placed on a wet basis to show the amount of water 
vapor present in the exhaust gases. The water vapor 
was determined from an " oxygen balance." 

The curves of figure 9 show that the amount of 
water vapor formed in the exhaust increases linearly 
with the amount of hydrogen inducted and that the 
rate of formation is independent of compression ratio 
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and of fuel-oil quantity except in cases where the fuel 
present exceeds that required for utilization of all 
the oxygen. 

Under normal operating conditions the water 
recoverable from the exhaust of a spark-ignition 



the difference in saturation of the incoming air and 
exhaust gases. Figure 10 has been prepared to show 
the quantitative effect of various mixtures of hydrogen 
and fuel oil on the amount of water vapor formed in the 
exhaust. The effect of incomplete combustion has 




18 2.2 2.6 3.0 3.4 3.8 x/O^ 
Equivalent fuel oil, Ib./cycle 

Figure 9.— Effect of hydrogen on exhaust-gas composition 



1.8 22 2.6 3.0 3.4 3.8*1 
Equiva/enf fuel oil, Ib./cycle 



engine by the use of a highly efficient condenser system 
is approximately 90 to 100 percent of the weight of 
fuel burned (See reference 7.) The remainder is lost 
on account of incomplete combustion of the fuel and 



been included, but the effect of the difference in satura- 
tion of the incoming air and the exhaust gases has been 
omitted because it varies with atmospheric conditions. 
The dashed line is for fuel oil alone; the diagonal lines 
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show the rapid increase in water vapor when the 
hydrogen is added to the intake air. The figure 
shews that for all loads except idling the water v apoi 
present in the exhaust weighed more than the fuel 
oil burned, approximately 25 percent more for all 
loads above cruisiiur. When burnimr the maximum 
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O .2 .4 .6 .8 1.0 1.2 

Reciprocal of excess -air coefficient, n 

Figure 10.— Effect of load and hydrogen-fuel-oil ratio on water recoverable at a 
compression ratio of 15.6. 

usable amount of hydrogen along with the fuel oil, 
the weight of the water vapor was 80 percent more at 
full load and 200 percent more at small loads. 

Inasmuch as gasoline and fuel oil have approxi- 
mately the same hydrogen content (reference 5), one 
would expect the water recovery from the exhaust of 
compression-ignition engines to compare favorably 
with that obtained from spark-ignition engines pro- 
vided that the combustion efficiency and the quantity 
of air present are equal. Combustion efficiency is 
considered as the ratio of the heat liberated to the 
total available heat. Compression-ignition engines 
usually operate at a greater excess-air coefficient than 
spark-ignition engines and, according to Fulton 
(reference 7), this excess air would cause a greater 
amount of water vapor to be lost through its satura- 
tion. Considering i he actual conditions under which 
the engines usually operate, the spark-ignition engine 
operating at the lower air-fuel ratio loses less water 
than compression-ignition engines through saturation 
but, owing to incompleteness of combustion, less water 
is formed. Exhaust-gas analyses from spark-ignition 
and compression-ignition engines when operating in 
their usual operating range show little difference in 
water recoverable, the amount of water available 
depending upon the air-fuel ratio, the temperature of 
the air inducted into the engine, and the temperature 
of the gases leaving the condenser. 

Figure 11 has been prepared to show the effect of 
fuel quantity on combustion efficiency. This figure 
shows the completeness of combustion of the various 
combinations of fuel oil and hydrogen on a basis of air 
required for complete combustion. The curves for 
compression ratios of 13.4 and 15.6 show that the 



combustion efficiency increased with fuel quantity up 
to an air excess of 50 percent but, when the air excess 
becomes less than 25 percent, the combustion efficiency 
decreases rapidly. It is apparent from these curves 
and those of indicated thermal efficiency shown in 
figure 4 thai the improvement in indicated fuel con- 
sumption with fuel oil at small loads over that of other 
loads up to cruising is due to the improvement in 
cycle efficiency. 

Analysis of indicator cards. — The indicator cards 
taken during the power tests were used to obtain infor- 
mation concerning the evolution of heat in the com- 
bustion chamber. Figure 12 shows the pressure-time 
diagrams for six different fuel-oil quantities obtained at 
a compression ratio of 15.6, the broken lines being for 
fuel oil alone and the full lines for equal fuel-oil quanti- 
ties with hydrogen added to the intake air. The curves 
-how the corresponding amounts of fuel required to be 
effectively burned. By "effective fuel burned" is 
meant the combustion of the quantity of fuel required 
to produce the change in enthalpy (total heat) recorded 
on the indicator diagrams and does not include that 
dissipated as heat losses. In all cases the combustion 
pressures were higher and the areas of the cards greater 
with the composite fuel than with fuel oil alone. 
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Figure 11.— Variation of combustion efficiency with excess-air coefficient. 



A thermodynamic analysis of all the indicator cards 
taken during the power tests has been made and the 
results plotted in figure 13 to show the effective 
equivalent fuel oil burned up to 4°, 8°, 16°, and 30° 
after top center. The curves show that the addition of 
hydrogen with the smallest fuel-oil quantities is less 
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effective than an equivalent amount of fuel oil in 
raising the pressure in the combusion chamber and this 
effect is more pronounced at the lower compression 
ratio even though it is possible to utilize a greater 
amount of hydrogen. At 4° there is little difference 
between the curves for the fuel oil and for the composite 
fuel, indicating that the hydrogen plays little or no 
part in the ignition of the combustible mixture and has 
a negligible effect on the first part of the burning 
process. Mucklow (reference 2) found that the gas 



B.T.C. 80 



combustion. The characteristic increase in slope of the 
lines for the composite fuel indicates that combustion 
is accelerated as the hydrogen-air ratio reaches the 
range of inflammability. The lower and upper limits 
of inflammability, according to Bone and Townend 
(reference 8), are approximately 4 and 71 percent, 
respectively, depending upon the temperature and 
pressure of the mixture. 

Information concerning the combustion of small 
quantities of fuel oil and large quantities of hydrogen 



2.5*10-* 




40 



T.C. 



40 80 80 40 
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40 
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Figure 12.— Pressure-time diagrams for compression-ignition engine burning fuel oil and mixtures of fuel oil and hydrogen. Compression ratio, 15.6; injection start 10° 

B. T. C. 



had no effect on the point in the cycle where combustion 
begins; Helmore and Stokes (reference 3) found no 
need for altering the injection advance angle when 
hydrogen-cum-oil gas was used in conjunction with 
fuel oil. 

The most noteworthy feature of the curves for the 
composite fuel is that in the cruising range the smaller 
additions of hydrogen are about as effective as an 
equivalent amount of fuel oil ; larger amounts of hydro- 
gen show a comparatively greater increase in effective 



in a compression-ignition engine was obtained from 
tests using only enough fuel oil to ignite the hydrogen- 
air mixture. Figure 14 shows indicator cards taken 
when motoring the engine and when operating with 
the igniting charge of oil and with increasing amounts 
of hydrogen. The first diagram shows both com- 
pression and expansion pressures when the engine 
was motored; the others show the end of the com- 
pression line and most of the expansion line. The 
diagram following the motoring diagram was taken 



12 



REPORT NATIONAL ADVISORY 



COMMITTEE FOR AERONAUTICS 



with the igniting charge of oil and shows but slight 
difference from the motoring diagram. The diagrams 
with increasing amount of hydrogen show the scatter- 
ing of pressure points, which indicates the irregularity 
of combustion from cycle to cycle that is usually asso- 
ciated with spark-ignition and carbureted mixtun 3 

The indicator diagrams of figure 14 and the curves 
resulting from their thermodynamic analysis, as well 
as those obtained at a compression ratio of 13.4 under 
similar conditions, are shown in figure 15. The anal- 
ysis for both compression ratios shows that the 4 period 
of burning (period from start to maximum amount 
burned) was increased by the addition of small quan- 





°/.0 1.4 LB 2.2 2.6 3.0 3.4 3.8*/0- 4 
Equivalent fuel oil, lb. /cycle 



FlGl ke 13.— Effect of hydrogen on combustion as deduced from indicator cards. 

titic- of hydrogen. For larger quantities (9 to 12 per- 
cent hydrogen for the 15.6 compression ratio and 9 to 
11 percent for the 13.4 compression ratio) the period 
decreased and finally reached 40 crank degrees at the 
higher compression ratio and (>() crank degrees for the 
lower compression ratio. The reduction in the burn- 
ing period w ith large quantities of hydrogen is opposite 
to the effeel obtained with an increase in the fuel-oil 
quantity. (See fig. 12.) The change from slow to 
fast binning with increasing hydrogen is probably due 
to the change 4 in mixture 4 strength from below to with- 
in the range of inflammability. A similar effect is 
shown in figure 4 ir> but, instead of a change in mixture 
strength, the 4 range of inflammability was increased 
on account of the increase in temperature of the mix- 
ture 4 (reference 8) with compression ratio. In the 
range of inflammability the 4 combustion of the hydro- 



gen-air mixture is similar to that with a carbureted 
mixture of gasoline and air in that combustion is com- 
pleted early in the 4 expansion stroke 4 . 

Figure 16 has been prepared to show the difference 
in the effective burning of hydrogen, fuel oil, and the 
composite iu< 4 l at the 4 same 4 total heat input eepial to 
approximately one-third full-load (excess-air coefficient 
of 2.5 for the 13.4 compression ratio and 2.9 for the 4 
15.6 compression ratio). The amounts of hydrogen 
in the composite fuel was 1.5 and 3 percent for the* 
15.6 and 13.4 compression ratio, respectively. The 
burning curves for hydrogen have 4 been reproduced 
from figure 15 and the curves for fuel < > 1 1 and the 
composite fuel have been obtained from a cross plot. 
The figure show r s the same timing of the start of com- 
bustion for the three fuels and also approximately the 4 
same 4 rate 4 of burning at the start. At the higher 
compression ratio the 4 hydrogen is more effective in 
raising the 4 pressure throughout the* entire burning 
period; at the lower compression ratio the 4 combustion 
of the hydrogen lags behind that of the fuel oil for a 
considerable portion of the burning period. At both 
compression ratios, however, the total amount of heat 
evolved is greater for the hydrogen than for the fuel 
oil. The composite fuel is less effective at both com- 
pression ratios than either the 4 hydrogen or the fuel 
oil in raising the pressure throughout the burning 
period. The difference is due to less fuel oil being 
injected and to the inefficient combustion of small 
amounts of hydrogen with small amounts of fuel oil, 
as has been previously discussed. Although it was 
impossible to burn very large 4 quantities of hydrogen 
(over 14 percent) and thus make it possible to com- 
pare the rates of burning of the three fuels at larger 
loads, it is believed that at loads greater than cruis- 
ing the effective-fuel-burned curves for the composite 
fue 4 l will lie between that of hydrogen and that of 
fuel oil. (See fig. 13.) 

APPLICATION OF RESULTS 

ADVANTAGES OF BURNING HYDROGEN IN AIRSHIP COMPRESSION- 
IGNITION ENGINES 

From the results of these tests on a single-cylinder 
four-stroke-cycle compression-ignition engine operating 
at compression ratios of 13.4 and 15.6, it is concluded 
that hydrogen in sufficient quantities to maintain the 
static equilibrium of an airship can be satisfactorily 
burned along with the fuel oil at all loads up to and 
including cruising. For loads greater than cruising, 
the static equilibrium could be maintained only when 
operating at the lower compression ratio. Hydrogen 
could be burned in greater or le 4 ss quantities than that 
of the aerostatic equivalent of the 4 fuel oil burned, thus 
making a very adaptable system for controlling the 
buoyancy of the airship. The 4 thermal efficiency for 
the combustion of the composite fuel was approxi- 
mately the same as that for the fuel oil. 
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The burning of the hydrogen in the engines not only 
makes it possible to control the equilibrium of the 
airship but also makes it possible to reduce the quan- 
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the density of the mixture to increase with a resultant 
decrease in its lifting power and a greater quantity of 
mixture would be required to lift a given weight, 



Increasing quan t it i ' &s _ 
of hydrogen 



Crank positions 

Figure 14.-Contact prints of indicator diagrams obtained with hydrogen-air mixtures. Compression ratio, 15.6; 0.000007 lb./cycle fuel oil used for ignition. 

tity of fuel oil required for a given flight, increase the 
pay load carried, or increase the still-air range of the 
airship. It is interesting to determine the reduction 

dOOi 1 1 1 1 1 1 i l- i 1 r ~i 1 1 \L6*I0-+ 




although the quantity of hydrogen present would be 
the same. Taking the specific weight of pure hydro- 



B.T.C. 60 40 20 T.C 20 40 60 80 A. 
Cronk position, degrees 



T.C. 



Figure 15.— The eiTect of hydrogen on combustion when 0.000007 lb./cycle of fuel 
oil is used for ignition. 

in the quantity of fuel oil required for a flight when 
burning hydrogen in the engines instead of valving it 
to maintain static equlibrium. In this case it is only 
necessary to consider that the hydrogen is pure. Any 
impurity, such as air, in the hydrogen would cause 




B.T.C. 20 



T.C. 20 40 60 
Crank position, degrees 



80 A. T.C. 



Figure 16.— Comparative combustion of hydrogen, fuel oil, and composite fuel 
with constant heat input. 

gen and air as 0.0053 and 0.0763 pound per cubic foot, 
respectively, the lifting force will be the difference in 
these values. 0.0710 pound per cubic foot. The aero- 
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static equivalent a: of 1 pound of fuel oil burned wall 
bo equal to the specific weight of pure hydrogen 
divided by the lifting force, or 0.0746 pound per pound 
of fuel oil. 

As the fuel oil y required for the flight when burning 
hydrogen together with the fuel oil plus the fuel oil 
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Hydrogen, percentage by volume of inlet oir 
Figure 17.— Comparative cost of fuel oil and composite fuel. 

equivalent of the hydrogen burned must equal the 
original quantity of fuel oil w required for the flight 
when valving the hydrogen: 

, 52,800 
•' / + 18^00 xy=W 

y=0.823w 

where 52,800 and 18,300 are the heating values of 
hydrogen and fuel oil, respectively, in British thermal 
units per pound. It is seen from tin's computation 
that the burning of the hydrogen in the compression- 
ignition engines to maintain static equilibrium, instead 



of valving it, results in a reduction of 17.6 percent for 
the weight of fuel oil required for the flight. 

If the two fuels cost the same per heat unit, the full 
line in figure 8 would give an indication of the cost. 
These fuels vary considerably in their cost and figure 
17 has therefore been prepared to show the comparative 
cost of power with the composite fuel on a basis of the 
actual cost. The figure shows that for constant lift 
with hydrogen at $1.50 per thousand cubic feet and 
fuel oil at $0.06 per gallon, the cost of power is tripled 
when the cost of hydrogen is included; but, when the 
hydrogen is considered as costing notlring, as would 
be the case for constant lift if it were burned instead 
of being valved, the cost of power would be decreased 
approximately 17 percent. 

The pay load is an indication of the commercial 
value of an airship. It is interesting to determine 
how the pay load of an airship is affected by using 
different inflation gases and two types of engines. 
The following five arrangements have been taken for 
comparison and in each case the over-all dimensions, 
total gas volume, and total engine power are the same. 

Airship A is assumed to be inflated with helium, to 
be fitted with spark-ignition engines burning gasoline, 
and to be fitted with water-recovery apparatus. 
I Airship B is assumed to be the same as airship A but 
to be fitted with compression-ignition engines. 

Airship C is assumed to be fitted with dual gas cells: 
The outer cells are to be inflated with sufficient helium 
to support the fixed weight; the inner cells are to be 
inflated with hydrogen. The compression-ignition 
engines are assumed to burn hydrogen along with the 
fuel oil. 

Airship D is assumed to be the same as airship A 
but to be inflated with hydrogen. 

Airship E is assumed to be inflated with hydrogen 
and to be fitted with compression-ignition engines 
burning hydrogen along with the fuel oil. 

It is further assumed that static equilibrium is 
maintained in all the airships by recovering water 
from the exhaust gases or by burning the hydrogen 
aerostatic equivalent of the fuel oil burned in the 
engine. 

The information necessary to make a detailed tabu- 
lation of the weights of the various items in the air- 
ships is not available. The use of hydrogen in a 
secondary cell of airship C would, however, increase 
the weight of the gas cells and would also add some 
weight in the form of restraining and steadying sus- 
pensions. It would also be necessary to provide ducts 
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by which the hydrogen would be led to the engines. 
It should not be necessary to provide blowers to feed 
the hydrogen from the cells to the engines. 

The water-recovery apparatus of airships A, B, and 
D not only increases the dead weight but also the drag. 
According to Fulton (reference 7) the weight of the 
water-recovery apparatus, bags, and piping of a 
6,500,000 cubic-foot airship would be 16,000 pounds 
and, for a 6-day endurance flight, the increase in fuel 
consumption due to the increased drag would be 
approximately 9,000 pounds. For such a flight in 
freezing weather approximately 12,000 pounds of 
antifreeze material would also have to be carried. 

The assumption that the dead weight of the five 
airships would be the same is believed to be in error 
only in making airships C and E somewhat heavier 
than they actually would be. In this assumption 



the fuel tanks are considered to be the same for all 
airships and the weight-power ratio of the compression- 
ignition airship engine is considered to equal that of the 
spark-ignition airship engine. 

The results of the computations are shown in the 
following table. It may be seen that airship E can 
carry approximately 80 percent more pay load than 
airship A; whereas airship C can carry 53 percent 
more pay load than airship A. If airship C attempts 
to compete commercially with airship E, it might 
obtain the more valuable pay load on account of the 
additional safety of the helium blanket and even with 
the handicap of 17 percent less pay load might be a 
greater commercial success. Airship B is the most 
desirable of the proposed types because of the de- 
creased fire hazard but, owing to its small pay load, 
may be undesirable as a commercial airship. 



COMPARATIVE DATA FOR 5 AIRSHIPS HAVING THE SAME SIZE, SPEED, AND POWER BUT HAVING 
DIFFERENT INFLATION GASES AND USING DIFFERENT TYPES OF ENGINES 



(Normal gas volume, 95 percent full. 6,500,000 cubic feet; fixed weight, 221.000 pounds; speed, 80 miles per hour; power, 4,480 horsepower. 

lifting power of 0.062 pound per cubic foot and hydrogen a lifting power of 0.008 pound per cubic footl 



Helium is assumed to have a 



Airship 


Volume of gas 


Gross lift 


Useful 
lift 


Specific 
fuel con- 
sum ption 
(liquid) 


Fuel for 4. 000-mile still-air range 


Pay load 
(no fuel 
reserve) 


Helium 


Hydrogen 


Helium 


Hydrogen 


Gasoline 
(6.10 
pounds per 
gallon) 


Fuel oil 
(7.06 
pounds per 
gallon) 


Hydrogen 


\ 

B 


Cubic feet 
0, 500, 000 
6, 500, 00 J 
3, 565, 000 


Cubic fed 


POU nds 
403. 000 
403, 001) 
221. (MM) 


Pounds 


Pounds 
182,000 
182,000 
199.6(H) 
221,000 
221. 000 


Pound 
per brake 
horse- 
powi r 
per hour 
0. 45 
.41 
.41 
.45 
.41 


Pounds 
101,000 


Pounds 


Cubic feet 


Pounds 
81,000 
90, 160 
124,000 
120,000 
145, 400 






91, 840 
75,600 




C 


2.!W>,000 
6, 500, 000 
6, 500, 000 


199,600 
442, 000 
112.000 




1,064,000 


D___ „ 


101,000 


E 






75,600 


1,064,000 











If airship A carried liquid fuel in place of the pay 
load, it would be able to make a flight of approximately 
7,200 miles; whereas airship C would be able to make a 
similar flight and, in addition, to carry approximately 
03,000 pounds of pay load. 

If airships A and C have the same disposable load, 
liquid-fuel load, and pay load, the one equipped with 
compression-ignition engines burning the aerostatic 
equivalent of the fuel oil burned will have a 33 percent 
greater still-air range. This increase in distance is due 
to the better fuel economy of the compression-ignition 
engine of 0.41 pound per brake horsepower hour com- 
pared with the 0.45 pound of the spark-ignition engine 
and to the burning of the hydrogen in the engines, 
which supplies an additional amount of energy equal to 
21.5 percent of the fuel oil burned. 

CONCLUSIONS 

The investigation of the performance of a four- 
stroke cycle compression-ignition engine operating with 
various amounts of hydrogen added to the inducted air 
showed that: 

1. It was impossible to auto-ignite hydrogen-air 
mixtures up to 12 percent hydrogen at compression 



ratios of 13.4 and 15.6, although any quantity of fuel oil 
from 0.07 to 3.5X10" 4 pounds per cycle would cause 
these mixtures to burn. 

2. The engine could be stopped when burning the 
composite fuel by shutting off the fuel oil. 

3. The maximum amount of hydrogen that could be 
burned satisfactorily decreased as the fuel-oil quantity 
and compression ratio increased, the maximum amount 
varying from 14 to 7 percent by volume of the inducted 
air at a compression ratio of 13.4 and 12 to 5 percent 
at a compression ratio of 15.6. 

4. The brake thermal efficiency obtained with the 
composite fuel for all engine outputs up to that 
required for cruising (constant-lift conditions) was 
as much as 9 percent less than that obtained with 
fuel oil alone for the 13.4 compression ratio and 4 
percent for the 15.6. For higher loadings the thermal 
efficiency with the composite fuel was greater than 
that obtained with fuel oil; the increase was as much 
as 19 percent for the 13.4 compression ratio and 13 
percent for the 15.6 compression ratio. 

5. The burning of mixtures of hydrogen and fuel 
oil at compression ratios of 13.4 and 15.6 should be an 
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efficient method of compensating for the decree i 
weight of an airship due to the consumption of the 
fuel oil. 

ft. When the conditions within the combustion 
chamber were conducive to propagation of the [lame 
through the hydrogen-air mixture the composite fuel 
burned more efficiently than an equivalent amount of 
fuel oil, i. e., the hydrogen burned during the early 
pari of t he combustion period. 

7. The exhaust gases were particularly suitable for 
water recovery. For all loads except idling the water 
vapor present in the exhaust weighed more than the 
fuel oil burned, approximately 25 percent more for all 
loads above cruising. When burning the maximum 
usable amount of hydrogen along with the fuel oil, the 
weight of water vapor present was 80 percent more at 
full load and 200 percent more at small loads. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., April 15, 1935. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 



Designation 



Longitudinal. _. 

Lateral 

Normal 



Sym- 
bol 



X 
Y 
Z 



Moment about axis 



Force 
(parallel 
to axis) 
symbol 



X 
Y 
Z 



Designation 



Rolling.. 
Pitching. 
Yawing.. 



Sym- 
bol 



Positive 
direction 



L 

M 
N 



Y- 
Z- 
X- 



+x 



Angle 



Designa- 
tion 



Roll 

Pitch. 
Yaw__. 



Sym- 
bol 



Velocities 



Linear 
(compo- 
nent along 
axis) 



u 
v 

w 



Angular 



Absolute coefficients of moment 



Gl "qbS 
(rolling) 



M 



qcS 
(pitching) 



N 



~qbS 
(yawing) 



Angle of set of control surface (relative to neutral 
position), 5. (Indicate surface by proper subscript.) 



4. PROPELLER SYMBOLS 



V, 



Diameter 
Geometric pitch 
p/D, Pitch ratio 
V' } Inflow velocity 

Slipstream velocity 



T, 

Q, 



Thrust, absolute coefficient C T = 
Torque, absolute coefficient C Q - 





P, 








V, 


T 


n, 


P n 2 D' 
Q 









Power, absolute coefficient @p = p n *jy> 



Speed-power coefficient 

Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle = tan"" 1 ^^7^) 



5. NUMERICAL RELATIONS 



1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 



1 lb. = 0.4536 kg 

1 kg = 2.2046 lb. 

1 mi. = 1,609.35 m = 5,280 ft. 

1 m = 3.2808 ft. 



